Ballistic re-entry vehicles employing charring-ablator heat shields encounter high surface temperatures during re-entry and the combustion rate of the graphitic-char material is limited by the rate at which oxygen can diffuse through the boundary layer to the burning surface. Lifting-types of re-entry vehicles, however, typically encounter lower heat transfer rates and correspondingly lower surface temperatures. In this case, a graphitic-char material or a graphite may combust at a rate that is more or less dependent upon the heterogeneous reaction-kinetics of the surface combustion process.
The degree to which the combustion is dependent upon surface kinetics is a function of the flight condition, the vehicle configuration, the location upon the vehicle, and the chemical make-up and temperature of the surface.
In 1936, Parker and Hottel (Ref. 1) reported on an experimental study in which the combustion rate of graphite and oxygen was measured at values between the reaction-kinetic limit and the diffusion limit. The reaction-kinetic limit may be defined as the combustion rate under conditions where the oxygen concentration at the burning surface is the same as the oxygen concentration far from the surface, i. e. , at the edge of the boundary layer. The diffusion-limit is defined as the combustion rate under conditions where the oxygen concentration at the burning surface is essentially zero (for practical ranges of wall temperatures). The diffusion-limit is found to vary only slightly with surface temperature, due to small changes in boundary layer transport properties. The reaction-kinetic limit possesses an extreme dependence on surface temperature, usually expressed as an exponential after Arrhenius. In this report, the problem analyzed by Scala will be studied, for the frozen boundary layer case, by the use of approximate but closed-form solutions of the stagnation-point boundary layer equations. The purpose of the analysis is to show the general coupling features of the oxygen -diffusion, the surface reaction kinetics, and the mass transfer of combustion products with regard to the overall combustion rate. The accuracy of the series-resistance method will be investigated. In addition, it will be shown that the present approximate results can predict the diffusion-limited ablation rates within satisfactory accuracy.
II. ANALYSIS
The problem of a heterogeneous reaction at a wall undergoing a transition from a dependence upon surface kinetics to a dependence upon boundary layer diffusion, for the case of wall-catalyzed recombination of dissociated atoms, 
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The following transformation relations are utilized:
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Where C is assumed to be constant in the transformation. Also, it winl be assumed that Pr and Sc numbers are constant across the boundary layer.
The additional quantities g and Z are defined am
where cI is the concentration of the gaseous reactant of interest, oxygen.
The continuity equation is satisfied by the stream function transformation, and the momentum, energy, and diffusion equations transform to
fZ + -oZ" = 0 The boundary conditions to be imposed for the solution of the momentum and diffusion equations are
It is noted that fw and Z w are not arbitrary, but depend on the surface chemical reaction. The frozen energy equation, (10), will not be solved, but solutions may be found in References 6 and 8.
The rate of mass loss from a burning surface is expressed as the Arrhenius form n-Ea/RTw rhw = k,(Pl ,)n a w
where k is the frequency factor, PI, w is the partial pressure of the gaseous reactant at the wall, and n is the order of reaction. The partial pressure
PlI'w can be expressed in terms of the total pressure Pw, molecular weight ratio ()/MI)w, and oxygen reactant concentration at the wall clw.
The frequency factor and the exponential term are combined as kw.
-E a/RT Taking the static pressure as constant across the boundary layer, we may express the mass loss rate as
The stoichiometric relation for heterogeneous combustion is written as
where w refers to carbon, I to oxygen, and p to the product species. Thus the gaseous reactant transport rate corresponding to the wall mass loss rate is
Equating this to the net transport rate of gaseous reactant at the wall, the This parameter characterizes the ratio, for a unit mass of oxygen, of the diffusion time at the diffusion limit to the reaction time at the reactionkinetic limit, and allows the following, more compact, version of equation (20):
The application of boundary condition (12d) to the diffusion equation (11) leads to the solution 
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When an injected specie has a molecular weight much different from that of air, these results must be modified; however, the CO and CO2 combustion products for this problem have molecular weights sufficiently close to air that such modifications would be small. Also, the fw values in this problem are characteristically below 0. 2 even at the diffusion lirait. Therefore, these approximations are considered applicable within reasonable accuracy.
By applying the boundary condition at the wall (Eq. 
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Ill. RESULTS AND COMPARISON WITH OTHER INVESTIGATORS
The first point to be examined is that of the accuracy of this method of calculating the diffusion-limited mass loss rate. The recent results of Scala (Ref. 5), obtained using accurate numerical solutions of the boundary layer differential equations, afford a good reference. It will be assumed that the ratio of carbon monoxide -to-carbon dioxide gas produced by the combustion is given by the equilibrium relation.
C(s) + Co0(g) _ 2Co(g)
The equilibrium constant for this relation, as used by Scala, is Results calculated from relations derived in the Appendix using the seriesresistance method are also shown in Figure 3 at particular Damk8hler values. It is noted that the series -resistance method leads to oxygen concentrations that are approximately correct for unity reaction order but quite inaccurate for a one-half reaction order. The series results are not exactly valid even for unity reaction order because the modifications to the boundary layer diffusion rates due to mass addition are not adequately represented in the intermediate regime.
The fractional mass loss rates, defined as the ratio of the wall mass loss rate to the wall mass loss rate at the diffusion limit, were obtained from
the results of Figure 3 and Eqs. (16) and (27b), and are shown in Figure 4 for a CO product. The mass loss rates given by the reaction-kinetic limit and bythe series method are shown for reference. The present results require Dm changes of the same order as in Figure 3 to accommodate a I-to-99 percent transition, and again the series result is adequate for n = 1 and inadequate for n = l/2 reaction order.
The fundamental reason for the failure of the series -resistance method when utilized for a reaction order of one-half is that the reaction-kinetic limit then does not depend linearly upon the oxygen concentration, whereas the 
